• Induced changes in peripheral vascular resistance have been associated with changes in transcellular distribution of ions 1 " 4 but the mechanisms underlying this association remain unclear. We have suggested that transcellular redistribution of sodium may dominate that of potassium and perhaps of calcium but the evidence for this is indirect. 5 For further study of the problem we have now turned to an exploration of the responses of a peripheral vascular bed perfused in situ with media of varying ionic composition. The tail of the rat is particularly suitable for this purpose because it contains relatively little metabolically active tissue and has an arterial system whose largest components are approximately 500 fa in diameter and are predominantly muscular in type. This vascular bed, together with a small reservoir and constant volume pump, was incorporated into a closed circuit so that the ionic composition of the perfusing medium could be continuously monitored with sodium and potassium electrodes. This permitted simultaneous measurements of vascular resistance and redistribution of ions.
This report is concerned with the effects of acute reduction of environmental sodium. Our results demonstrate that perfusion of the vascular bed of the rat's tail with a medium in which sodium has been replaced by an osmotically equivalent amount of sucrose leads to an unexpectedly large and rapid mobilization of sodium. "We suggest that some of this so-From the Department of Anatomy, The University of British Columbia, Vancouver, Canada.
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dium comes from a mobile pool contained within vascular smooth muscle cells.
Methods Adult male albino rats of an inbred Wistar strain weighing approximately 250 g were used. The animals were anesthetized with intraperitoneal sodium pentobarbital (3.33 rng/100 g) and subcutaneous sodium phenobarbitone (6 mg/100 g). This combination produces a smooth and longlasting anesthesia which can be reinforced as needed with 1.33 mg/100 g pentobarbital and 2.66 nig/100 g phenobarbitone.
The perfusion system is illustrated in figure 1 . The assembly is prepared with fine bore polyethylene tubing (P.E. 50) placed in readiness for connection to the vascular system of the rat. The volume of tubing is less than 0.3 ml. One artery and one vein are exposed through small incisions on the ventral surface of the tail and both sets of femoral vessels are exposed in their respective femoral triangles. The femoral artery of one side is connected to the tail artery and the outflow from the tail vein returned to the corresponding femoral vein. The arterial channel passes through a pump (Sigmaniotor or Comeil) which is set to provide a constant flow rate of about 0.6 ml/min. A T-connector in the arterial line proximal to the pump connects the system to the outflow of a reservoir and another connector distal to the pump provides for registration of tail blood pressure.
A T-connector in the venous line connects the tail outflow to the reservoir or allows it to be separately collected. Placement of clamps can divert the tail circulation from the systemic circulation of the animal to the by-pass through the reservoir. In practice, a change in composition of the perfusion fluid is carried out using the reservoir by-pass circulation and this is followed by return to the natural circulation for an appropriate recovery period. This keeps the preparation viable for many hours.
Perfusion pressure to the tail (measured at a perfusion rate of 0.6 ml/min) usually decreases when the circulation is changed from systemic whole blood to the control perfusion fluid. If pressure decreases below 25 mm Hg the preparation 223 224 FRIEDMAN, NAKASHIMA, FRIEDMAN- usually becomes too unresponsive to be useful. In some preparations, the perfusion pressure increases or becomes erratic; these preparations are usually discarded although they can sometimes be used to demonstrate a special point (e.g., fig. 2A ). The perf'usion medium must provide sufficient colloid osmotic pressure to avoid progressive swelling. For all of the experiments reported here plasma obtained from donor rats or rabbits was used as the basic physiological medium. As much as 0.3 ml of Krebs solution can be added to 1.0 ml of plasma without deleterious effect. 6 In most instances, the composition of the medium was changed by the addition of a suitably modified Krebs solution in this ratio (0.3/1.0). This limited the range of adjustment of the final medium presented to the tail blood vessels to a change of approximately 25%. The composition of solutions used is given in table 1.
Each perfusion experiment involved the following sequence: a) change from systemic whole blood to by-pass circulation with plasma; b) perfuse 1.0 ml of plasma and discard venous outflow; c) add 1.0 ml of plasma to the reservoir and recirculate until all oscillographic baselines are steady for at least two minutes; d) change to test solution in the reservoir either by direct addition of the required amount of artificial solution or by completely exchanging the medium in the reservoir; e) reeireulate test solution for five minutes (usually), f) return to systemic circulation for five to ten minutes.
The ionic composition of the medium was nieas-' ured continuously with sodium and potassium glass electrodes. Small, sturdy dip-type electrodes were manufactured by hand for this purpose using NASJI_ 1 S and NAS27-3 glass (Corning) for Na + and K + sensitivity, respectively. 7 The output of these electrodes was continuously converted by an analog computer to direct readings for (Xa + ) and (K+) in mEq/L. 8 Circulation time through the tail was about 10 seconds and through the tubing about 30 seconds divided almost equally between the inflow and outflow sides of the system. The lag time was therefore of the order of 40 seconds. Time scale in all figures is marked in minutes.
Results

INULIN SPACE OF THE RAT TAIL
A change in the ionic composition of the perfusing medium will necessarily be followed by simple mixing throughout the whole free volume of the system. Inulin was used to estimate this volume. Following preliminary studies in which we observed that inulin added to the reservoir reaches a stable equilibrium concentration in this simple system within 30 minutes, the tail inulin space was measured in eight preparations. In each case, closed circuit perfusion was first established as usual with 1.0 ml of plasma in the reservoir. A further 1.0 ml of plasma containing 100 mg per cent of inulin was then added and circulation continued uninterruptedly for 30 minutes. The final concentration of inulin in the reservoir served to define its volume of distribution, as the sum of tail, tubiug, and reservoir volumes. The tail space so measured was 0.9 ± 0.1 ml. Arrangement for perfusion of rat tail at constant flow rate from either systemic circulation or temperature controlled reservoir. Na + and K + in the reservoir are monitored continuously with glass electrodes. libration of the tail tissues with the new medium occurred rapidly and involved outpouring of Na + from the tissues into the medium so that concentration in the latter rose to near-normal levels within two minutes ( fig. 2 ). Since the inulin space of the tail is less than the volume of the reservoir, simple mixing between the two cannot account for the results (see detailed calculation in Discussion). Thus, at least some of the Na + added to the medium must come from some portion of the tail tissue inaccessible to inulin. The fact that the exchange evidently begins within a minute of exposure to the perfusing medium 
EFFECT OF ISOSMOTIC REDUCTION OF No* IN THE MEDIUM
Minutes FIGURE 2
Effect of addition of 0.3 ml of sucrose substituted, low sodium solution to 1.0 ml of normal plasma in reservoir perfusing rat tail in the presence of high or low initial resistance. Initial response of K + electrode is transient artifact.
despite the fact that passage through the tubing alone requires about 30 seconds suggests that some of the Na + contribution comes from cells of the vascular tree which make the first intimate contact with the medium. A small rise of K + in the medium also occurs and may likewise represent a cellular contribution. This procedure is invariably associated with a decline of resistance in the vascular bed of the tail. The degree of decline is evidently a function of the resistance prevailing before exposure to the low sodium medium. Thus, resistance falls strikingly if it is initially high, less so if it is moderate, and not at all if it is already at its lower limit (about 25 mm Hg). In a control series of six trials the addition of 0.3 ml of unmodified Krebs solution to the plasma perfusate was without effect.
Exposure to a low Na + medium can be repeated through a series of exchanges without changing the ionic pattern of response. Thus, the initial reduction in Na + is partially counterbalanced by a rapid addition of Na + to the medium and this recurs each time the exchange is repeated so that despite repetition the level of Na + at equilibrium is only gradually reduced ( fig. 3 ). The reproducibility of this phenomenon was established on four preparations with a minimum of ten In all instauees, equilibration of the tail tissues with the new medium occurred slowly so that the concentration of Na + in the medium rose quite gradually ( fig. 4 ). As will be shown by calralation below, the equilibrium attained conforms to expectation for simple mixing in the inulin space. A distinct but small rise in K + in the medium was also frequently noted.
This procedure was never accompanied by a fall in resistance but in contrast with the effects of exposure to a sucrose substituted, low Na + medium, usually elicited a modest rise in resistance.
EFFECT OF ISOSMOTIC, ISOELECTRIC REDUCTION OF N o * IN THE MEDIUM
To 1.0 ml of normal plasma was added 0.3 ml of artificial medium modified by the deletion of NaCl and its replacement with choline or tetraniethylammonium chloride. Results of six experiments are summarized in table 2. In all cases the concentration of Na + in the medium rose quite slowly and at the end of the perfusion period of five minutes was not significantly higher than would have occurred with simple mixing ( fig. 5 ). No regular change in K + in the medium was noted. This procedure was associated with no change or with a small rise in resistance.
EFFECT OF A REDUCTION OF N o * AND ITS REPLACEMENT BY K* IN THE MEDIUM
To 1.0 ml of normal plasma was added 0.3 ml of artificial medium modified by the deletion of NaCl and its replacement by an equal amount of KC1. Results of fourteen experiments are summarized in table 2. In all cases, the high K + and low Na + of the medium changed slowly during the course of perfusion as would be expected for simple mixing (fig. 6 ). In this regard, the Na + tracing resembled that produced by other low Effect of repeated total exchanges of contents of reservoir for fresh medium composed of 1.0 ml normal plasma and 0.3 ml sucrose substituted, low sodium solution. Six exchanges are photographically superimposed to show gradual decline of Na + . Right hand of each tracing is continuous with starting position of next run. Top tracing is that of first run and others follow in descending order. Tail resistance falls only during first two runs and then reaches lower limit. Effect of exchange of normal plasma in reservoir for medium composed of 1.0 ml of normal plasma amd 0.3 ml unsubstituted low sodium solution.
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(Sudden jump of electrode tracing in last minute is artifact).
Xa + isoelectrie-isosraotic solutions. This procedure was frequently, but not invariably, associated with an increase in resistance.
Discussion
Perhaps the most important fact to emerge from these experiments is that exposure of a vascular bed to an isosmotic sodium-poor medium is followed by rapid release of sodium. Vascular smooth muscle cells are probably involved in this process although no claim is made that other tissues do not take part. A number of facts will now be cited to support these statements.
1. More Na + is added to the low Na + , sucrose substituted medium than can be accounted for by simple mixing with the contents of the vascular and interstitial compartments. By contrast, the equilibrium values attained at the end of five minutes with other low Na + solutions suggest that for the most part these undergo simple mixing. This inay be calculated as follows:
Let vj. = total free volume of the system (bath, tubing, vascular and interstitial compartments of the tail) [Na] i = initial concentration of Na. It is assumed that this concentration is uniform throughout its distribution volume Vi volume of diluent (0.3 ml of modified Krebs) • concentration of Na in diluent (see table 1) final concentration of Na. It is assumed that this concentration is uniform throughout v x + Av Then the final amount of Na + in the system = v x [Na]i + Av[Na] 2 and + Av[Na] 2 LOW Na -HIGH K
Av
[Na] 2
[Na] 3 [Na] 8 =
+ Av
In this series [Na]i = 145 ± 1 mEq/L and [Na] 2 = 26 mEq/L. The final volume, v x + Av = 2.5 ml which is the sum of bath (1.0 ml), tubing (0.3 ml), tail inulin space (0.9 ± 0.1 ml), and the added volume of diluent, Av (0.3 ml). From this, if simple mixing alone is involved, [Na] 3 = 130.7 ± 1.5 or ANa = [Na]i -[Na] 3 = -14.3 ± 1.5. As shown in table 2, the equilibrium value for ANa + following perfusion with isosmotic low Na + solutions was only -9 ± 1, a value significantly smaller than that observed with other perf usates.
2. The rate of equilibration observed with low Na + , sucrose substituted medium was rapid and essentially complete within two minutes including lag time. By contrast, the curves obtained with either choline or K + substitution were what one would expect with continuous slow mixing (simple exponential).
3. These results can be reasonably explained if the substitutes for sodium are considered Effect of exchange of normal plasma in reservoir for medium composed of 1.0 ml of normal plasma and 0.3 ml of KCl substituted; low sodium solution.
in terms of their anionic, or Cl", equality and this in turn strongly suggests a Gibbs-Donnan equilibrium, by definition an equilibrium across a semipermeable membrane. Thus, substitution of NaCl by sucrose reduces the available Cl~ outside the membrane and hence the product (anions) 0 (cations) o , whereas substitution by KCl or by choline chloride does not disturb the transmembrane balance of mobile ions. The unsubstituted low Na + solution is hyposmotie and water should move into cells and thus reduce the intracellular ionic product, (anions)i (cations) j, so that no transeellular imbalance of mobile ions need occur.
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This explanation, however, does not in itself account for the observed mobility of Na + nor for the fact that Na + rather than K + re-establishes the equilibrium. 4. Evidence for the existence of a mobile pool of cell sodium in smooth muscle capable of rapidly exchanging with the medium is already substantial. 9 5. A decrease in resistance, presumably indicating vascular smooth muscle relaxation, is associated only with those experiments in which an efflux of Na + is observed. This strongly suggests that these cells are among those participating in the equilibration process.
These results support (but do not prove) the contention that the withdrawal of Na + from vascular smooth muscle can induce a fall in vascular resistance. This is converse to the fact that an acute gain of cell Na + is associated with the action of vasoconstrictive agents. 3 ' 4 It is relevant also to recall that chronic hypertensive states are associated -with a sustained increase in cell Na + content while the hypotension accompanying adrenal insufficiency is related to a generalized loss of Na + .°T hese observations demonstrate that isosniotic reduction of Na + in a perfusion medium does not necessarily lower the transcellular sodium concentration gradient, [Na] 0 /[Na]i, as is commonly thought. 10 Instead, as fast as the environmental Na + is lowered, an efflux of Na + from cells tends to preserve the equilibrium and the actual gradient achieved cannot be denned. It still may be, as we have suggested, that at equilibrium, environmental Na + is relatively less affected than that of cells so that the gradient actually becomes steeper. 11 These observations also support the idea that transcellular distribution of K + is involved in the maintenance of vascular smooth muscle tension. 3 -12~14 Thus, although fairly high levels of environmental K + are required for consistent effects, an elevation of K + usually increases peripheral vascular resistance.
Summary
The early effects of systematic changes of environmental Na + on vascular resistance and on cationic equilibration were studied using a closed circuit perfusion of the rat tail. The reeirculating medium was monitored for Na + and K + with glass electrodes operating through a computer. The composition of a given medium perfusing the vascular bed is very rapidly altered as it comes into equilibrium with cells and interstitial tissue. Because exchanges begin quickly, only limited conclusions can be drawn from manipulation of a perfusing medium without close monitoring of the equilibration process. Reduction of sodium in the medium, using sucrose as osmotic replacement, is followed by a rapid efflux of Na + , some of which apparently comes from cells. This is associated with a fall of vascular resistance. Neither efflux nor fall in resistance occurs if choline or K + is used as replacement for Na + . Elevation of potassium in the medium is followed by a gradual fall during equilibration of the ion and, if K + is raised sufficiently, an increase in vascular resistance occurs. These findings support the view that the transcellular distribution of Na + and K + is causally involved in the maintenance of vascular tone.
